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Abstract 
 
By using thermogravimetric analysis, the catalytic effect of ferric sulfate on the 
pyrolysis of residues from the cassava starch industry was studied. 
Thermogravimetric data were adjusted to the distributed activation energy model 
(DAEM) with two pseudo components. Calculated values for kinetic parameters 
of residues pyrolysis are into the reported range for other types of biomass. Ferric 
sulfate had a strong influence on the decomposition parameters of the second 
pseudocomponent of the DAEM, which is identified as lignin.  
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1 Introduction 
 
After rice, corn, and wheat, cassava is the most important agricultural product in 
the world, especially in tropical regions, where is an important food source for 
humans and animals. Also, the cassava starch is raw material for several food 
industry companies [19]. Considering global warming and world population 
growth, cassava can be used as an alternative for food security due to the high 
efficiency of the production [13]. A side effect, related to the increase of the 
cassava consumption is the growth of the waste generated in the industrial 
processing. The main residue is the cassava hull, with a production of fourteen 
millions of tons per year [1]. Several alternatives for the usage of this waste has 
been proposed, including animal feeding, adsorbent as a raw material of activated 
carbon production, energetic uses by a thermal process as pyrolysis, gasification 
and bioethanol production [13, 28]. Among those, pyrolysis is an excellent option 
due to the possibility of the production of liquid fuels [5, 10]. 
For the study of pyrolysis kinetics, thermogravimetric analysis (TGA) is one of 
the most widely used techniques. The behavior of several kinds of biomass by this 
method has been described extensively in previous studies due to TGA allows 
identifying the kinetic parameters of the pyrolysis process. Some studies of 
cassava industrial waste (CIW) pyrolysis has been made, including the use of 
fixed bed tubular reactors[10, 26], fluidized bed reactors [15, 17], free fall reactors 
[16] and TGA [25, 28].  
The effect of the addition of metallic salts in the pyrolysis process also has been 
of interest for several scientific researchers: copper and iron salts as additives in 
wood pyrolysis [8],  iron in fast pyrolysis of cellulose – wood mixtures [7] has 
been studied. Some others researchers studied the effect of some catalyst on the 
thermal treatment of biomass [29]. Nevertheless, the effect of iron salts on the 
products of pyrolysis of CIW has not been previously reported. In this study, 
pyrolysis of CIW using TGA at several heating rates and the effect of the presence 
of iron sulfate was studied. Determination of the kinetic parameters and the 
influence of the iron salt in pyrolysis were obtained.  
 
2 Materials and methods 
 
2.1 Materials 
 
CIW was obtained from starch industries of the municipality of San Juan de 
Betulia, Sucre department, Colombia. Those were washed with tap water for dirt 
removal and then rinsed with distilled water. After the washing process, the CIW 
was dried at 378 K before grinding. Samples between 200 and 400 m were 
separated and stored in a desiccator for further use. Ferric sulfate was supplied by 
Sigma- Aldrich with a purity of 75%.  
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2.2 Sample preparation 
For the CIW impregnated with iron, an aqueous solution of ferric sulfate was 
prepared. The CIW was added to the solution and the suspension was stirred for 
two hours. After this time, the sample was dried at 80 C for two hours and 
additional two hours at 105 C. Two samples were prepared, CIW without catalyst 
and CIW+1%Fe, which has 1% of iron by mass. 
 
2.3 Characterization  
 
Proximate analysis of CIW was made using ASTM standards: ash content by 
ASTM D3172, volatile material with ASTM D3175, residual humidity under 
ASTM D3173 and heat capacity with ASTM 2015. For elemental analysis, ASTM 
D3177 was employed for sulfur, carbon, and hydrogen analysis with ASTM 
D3178, nitrogen under ASTM D3179. Oxygen was calculated by difference once 
carbon, hydrogen, nitrogen, and sulfur were obtained. 
 
2.4 Thermogravimetric analysis (TGA) 
 
TGA was performed using a Thermogravimetric Analyzer TA instruments TGA 
2920. Lower detection limit for TGA was 0.1 μg. Control and acquisition of 
experimental data were made by Universal Analysis software. Linear ramps of 10 
and 100 K/min were employed. Purge of the gases was made with helium 5.0.  
 
2.5 Distributed Activation Energy Model 
 
In this model, the mass rate conversion is represented by several numbers of 
reactions that share the same frequency factor (Aj) with an activation energy 
distributed in Gaussian form. A media activation energy  E0j  and a standard 
deviation of the activation energy represented by j are part of the model 
represented by Equation 1 [22]: 
 
𝑌𝑐𝑎𝑙𝑐(𝑡) = −∑ 𝑐𝑗
𝑑𝑥𝑗
𝑑𝑡
𝑀
𝑗=1                                                                                         (1) 
where 𝑌𝑐𝑎𝑙𝑐 represents the conversion rate of the sample; M is the number of 
reactions or pseudo components of the sample; 𝑐𝑗 is a proportionality constant, 
and 𝑑𝑥𝑗/𝑑𝑡 is the rate of production or consumption of  j [20, 21, 23], which can 
be calculated as:  
 
𝑑𝑥𝑗
𝑑𝑡
(𝑡) =
1
2√𝜋
∫ exp⁡[𝜇𝑗
2]exp⁡[0,75𝜇𝑗
2∞
−∞
]
𝑑𝑋𝑗(𝑡,𝜇𝑗)
𝑑𝑡
𝑑𝜇𝑗                       (2) 
Where 𝜇𝑗 = 2(𝐸 − 𝐸0𝑗)/(√2⁡𝜎𝑗), and 𝑋𝑗(𝑡, 𝜇𝑗) is the solution for 𝑑𝑥𝑗/𝑑𝑡 at time 
t, and the value of the energy of activation is E. Solution of equation (2) was made 
using Matlab software as described previously [2]. 
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3 Results 
 
Proximate and ultimate analysis of CIW is shown in Table 1. Obtained data agree 
with previous studies for cassava waste [24, 28], including heat power [26, 28]. 
 
Table 1. Proximate and ultimate analysis of CIW. 
 
Proximate analysis Ultimate Analysis 
Property Value Element Value (%) 
Residual humidity (%) 13.74 C 43.21 
Ash (% Dry basis) 2.53 H 6.01 
Volatile matter (%) 87.48 N no detected 
Fixed carbon (%) 9.99 S 0.06 
Heat power (BTU/lb) 7403 O 50.72 
 
 
3.1 Thermogravimetric analysis 
 
Thermograms of the samples of CIW and CIW+1%Fe at 10 and 100 K/min are 
showed in figure 1a and the derivate of temperature in the figure 1b. Two main 
events are present; the first one at temperatures below 453 K, that correspond to 
the loss of residual humidity of the samples. The second one is present between 
473K and 873 K, that belongs to the pyrolysis process. Characteristics of the 
second event are shown in table 2. For CIW and CIW+1%Fe, an increasing of the 
heat rate is related with an increase of the weight loss of the samples in the onset 
and DTG peak temperatures. This behavior is characteristic of a chemical process. 
In another way, the presence of iron sulfate leads to an increase in the weight loss, 
a reduction of the onset temperature and an increase of the DTG peak 
temperature. This behavior suggests that there is a catalytic effect of the iron 
sulfate represented by the onset temperature reduction, but also causes a retarding 
effect of the pyrolytic process. 
 
Table 2. Thermal characteristics for the pyrolysis process of CIW 
 
  
Pyrolysis weight loss 
(% dry basis) 
Onset 
Temperatureb (K) 
Peak 
Temperaturec (K) 
Heating rate (K/min) 10 100 10 100 10 100 
Cassava industrial wastes 72.13 77.91 543.7 564.9 584.4 609.1 
Cassava industrial wastes 
+ 1% Fe 74.83 81.45 533.6 558.8 593.7 619.7 
a Maximum standard deviation 1%; b Maximum standard deviation 4 K; c Maximum standard 
deviation 3 K. 
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Figure 1. a) TG and b) DTG thermograms of CIW and CIW + 1%Fe heated at 10 
and 100 K/min. 
 
Fitting to DAEM model. 
 
Table 3 shows the fitting of the data of conversion rate to the DAEM model with 
one, two and three pseudo components for the pyrolysis of the CIW with and 
without iron sulfate. In Figure 2 the fitting with 1 and 3 pseudo components is 
presented for a heating rate of 10 K/min. Figure 3 shows the fitting using 2 pseudo 
components in the presence and absence of catalyst at 10 and 100 K/min. In a 
general way, the DAEM model with two pseudo components represents the data 
in a proper way and there is no major improvement of the fitting with three 
pseudo components like in previous studies [4]. For this reason, the DAEM model 
with two pseudo components was selected for the representation of the 
experimental data as shown in Figure 3. 
 
   
 
 
Figure 2. DAEM fitting with a) 1 and b) 3 pseudo components of the pyrolysis of 
CIW heated at 10 K/min. 
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Table 3. DAEM parameters with 1, 2, and 3 pseudo components for CIW and 
CIW + 1% Fe heated at 10 and 100 K/min. 
 
Heating rate (K/min) 10 100 
Sample Cassava Cassava + 1 %Fe Cassava Cassava + 1 %Fe 
1 pseudocomponent 
c1 1.86E+00 1.91E+00 1.87E+00 1.83E+00 
A1 (1/s) 3.86E+15 3.86E+15 3.86E+15 3.86E+15 
E01 (kJ/mol) 2.00E+05 2.00E+05 1.97E+05 1.98E+05 
σ1 (kJ/mol) 1.43E+04 1.65E+04 1.43E+04 1.63E+04 
SE* 1.00E-04 7.39E-05 6.61E-04 5.70E-04 
2 pseudo components 
c1 1.61E+00 1.41E+00 1.75E+00 1.46E+00 
A1 (1/s) 5.10E+14 5.10E+14 5.10E+14 5.10E+14 
E01 (kJ/mol) 1.89E+05 1.90E+05 1.87E+05 1.89E+05 
σ1 (kJ/mol) 1.15E+04 1.23E+04 1.23E+04 1.20E+04 
c2 3.96E-01 5.44E-01 2.22E-01 4.60E-01 
A2 (1/s) 4.24E+13 4.24E+13 4.24E+13 4.24E+13 
E02 (kJ/mol) 1.92E+05 1.79E+05 1.90E+05 1.70E+05 
σ2 (kJ/mol) 3.56E+04 2.74E+04 4.48E+04 3.50E+04 
SE* 8.34E-05 4.39E-05 5.17E-04 5.27E-04 
3 pseudo components 
c1 8.66E-01 6.05E-01 1.63E-01 1.30E-01 
A1 (1/s) 2.60E+15 2.60E+15 2.60E+15 2.60E+15 
E01 (kJ/mol) 2.03E+05 1.99E+05 2.16E+05 2.32E+05 
σ1 (kJ/mol) 1.60E+04 2.68E+04 2.88E+04 3.31E+04 
c2 1.02E+00 1.33E+00 1.79E+00 1.71E+00 
A2 (1/s) 1.87E+14 1.87E+14 1.87E+14 1.87E+14 
E02 (kJ/mol) 1.83E+05 1.85E+05 1.82E+05 1.84E+05 
σ2 (kJ/mol) 8.63E+03 1.16E+04 1.18E+04 1.23E+04 
c3 4.81E-02 2.55E-02 2.44E-02 1.27E-01 
A3 (1/s) 4.19E+13 4.19E+13 4.19E+13 4.19E+13 
E03 (kJ/mol) 1.54E+05 1.56E+05 1.46E+05 1.55E+05 
σ3 (kJ/mol) 5.51E+03 9.35E+03 6.67E+03 9.43E+03 
SE* 7.51E-05 4.34E-05 5.36E-04 2.20E-04 
* Standard error of the adjustment 
 
Values of the activation energy and frequency factor obtained in this work are in 
the same size order of various biomass previously studied by using DAEM model 
[3, 4, 6]. For the specific case of cassava, the values of those parameters are in the 
same order of size compared with other different models [25, 28]. 
 
DAEM model results show that the presence of iron sulfate affects mainly the 
second pseudo component, identified as lignin A, according to the termogram. In 
the same way, the pseudo first component can be related to cellulose. The 
presence of iron sulfate reduces the activation energy and the standard deviation 
of this parameter for the second pseudo component. Previous studies have 
reported catalytic effects of the ferrous sulfate in the decomposition of lignin in 
wood pyrolysis[8]. This effect could explain the reduction of the onset temperature 
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for the pyrolytic process of CIW, because the reduction of the activation energy 
influences the increase of the decomposition rate of this component, making that 
the pyrolytic process starts at lower temperatures. In another hand, the reduction 
of the standard deviation of the activation energy of the second pseudo component 
has an effect that the pyrolytic process of this component has a narrow 
temperature range, making the effect of the conversion rate for this pseudo 
component more significant in the temperature range of the main pyrolytic event. 
The presence of ferric sulfate is related to an increase of the DTG peak of the 
cellulose because the peak of the second pseudo component in the pyrolytic 
process is higher than the cellulose for the CIW. This explains the observed 
behavior of the onset temperature and the DTG peak in presence of the catalyst. 
 
 
 
 
Figure 3. Fitting of DAEM with 2 pseudo components of a) CIW heated at 10 
K/min; b) CIW + 1% Fe heated at 10 K/min; c) CIW heated at 100 K/min; and d) 
CIW + 1% Fe heated at 100 K/min. 
 
4. Conclusions 
 
The effect of the ferric sulfate over the pyrolysis process of CIW using TGA was 
made. Kinetic analysis was performed using the DAEM model using two pseudo  
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components for the data of TG data. Fitting parameters shows that the catalyst 
employed affect mainly the lignin pyrolysis of the CIW. 
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